The selective catalytic reduction (SCR) based on ureawater-solution is an effective technique to reduce nitrogen oxides (NO x ) emitted from diesel engines. A 3D numerical computer model of the injection of urea-water-solution and their interaction with the exhaust gas flow and exhaust tubing is developed to evaluate different configurations during the development process of such a DeNOxsystem. The model accounts for all relevant processes appearing from the injection point to the entrance of the SCR-catalyst:
INTRODUCTION
In automotive applications, the urea-water-solution based selective catalytic reduction (SCR) is a promising method to control NO x emissions. Urea-water-solution (UWS, containing 32.5 wt% urea; brand name: AdBlue) is sprayed into the hot exhaust stream and subsequently the reducing agent (ammonia, NH 3 ) is generated by evaporation of water, thermolysis of urea and hydrolysis of isocyanic acid (HNCO) [1] . The resulting spatial distribution of the reducing agent upstream to the catalyst is a crucial factor for the conversion of NO x .
In actual exhaust configurations impingement of droplets on the catalyst and the walls cannot be avoided due to the slow evaporation and thermolysis and due to the inertia of the droplets [2] . Especially in passenger car applications [3] , where dosing systems without air-assisted atomizer have to be applied in combination with small tube diameters, a noticable amount of spray impacts on the exhaust tube surfaces. Spray impingement causes local cooling of the wall. Deposition of droplets and wall film formation can occur if the surface temperature decreases below a critical temperature. Evaporation from the wall film leads to further cooling and an increasing risk of formation of melamine complexes [4] .
Analyzing the literature, several studies on the evaporation and thermolysis of UWS from sprayed droplets can be found, e.g. [2] , [5] , [6] , and [7] . To the best of our knowledge there are no studies published on the effects of spray impact on surfaces and wall film formation at the injection of UWS. Therefore the interaction of the spray with both the hot gas stream and walls is considered in this work.
To predict the generation and distribution of the reducing agent a detailed three-dimensional numerical model of the behavior of the urea-water-solution spray in the exhaust system is developed and implemented in the commercial CFD code Fire v8.3 from AVL [8] .
Evaporation of the two-component droplets in the gas phase is described using the Rapid Mixing (RM) model, which considers the influence of urea concentration and variable fluid properties. The vapor pressure of urea is derived from experimental data [9] to calculate the thermal decomposition of the urea particles. Thus, the physical conditions of the droplets are determined as an important boundary condition in case of impingement on the walls and the catalyst.
The used spray/wall-interaction model of Kuhnke [10] accounts for dry and wet as well as for cold and hot walls by using dimensionless numbers which are influenced by the thermo-physical properties of the droplets. Heat transfer between spray and wall is described according to Wruck [11] . The film on the wall is modeled as a two-component fluid of urea and water coupled by momentum, species, and energy balances to the gas phase and the walls. A model of the evaporation and thermal decomposition of UWS from the wall film is developed in this study.
The calculated spray behavior is verified with results from visualizations gained in a flow channel at varying flow conditions. Patternator measurements, phase-doppleranemometer (PDA) results and temperature measurements are presented and compared with numerical results.
EVAPORATION AND THERMOLYSIS OF UREA-WATER-SOLUTION DROPLETS
When UWS is sprayed into the hot exhaust gas, the droplets are heated up and water evaporates first [12] (NH 2 ) 2 CO(aq) → (NH 2 ) 2 CO(l) + 6.9 H 2 0(g),
followed by the thermolysis of urea into ammonia and isocyanic acid
Solved urea at the droplet surface causes the vapor pressure of water to decrease. This results in a lower water evaporation rate. The effect is suitably described using a Rapid Mixing (RM) model [2] . Within the RM model infinite fast transport is assumed in the liquid phase, resulting in spatialy uniform but time-dependent temperature, concentration and fluid properties of the droplet [13, 14] . The variation of the urea concentration in the droplet can be evaluated by
where mass flow from the liquid to the gaseous phase is defined to be negative.
For the gas phase the quasi-steady model [13] is used. This approach is suitable to describe the evaporation process in the entire range of present conditions, including the free convection case [15] , using the 1/3-rule [16] for the reference values for fluid properties. Integration of the transport equations for mass and enthalpy outside the droplet yields analytical expressions for the diffusive transport fluxes. The differential equations for droplet mass and temperature can be derived from mass and energy balance [13, 17] and writes for water evaporation
The Spalding heat and mass transfer numbers B M and B T are calculated as
and
If saturation temperature is reached during the evaporation of water, it is assumed that the droplet remains at this temperature. Thus the evaporating mass can be determined from
with
Equations (4) to (7) are also applied for urea decomposition after the evaporation of water is finished. It is assumed that urea evaporates from its melt and decomposes instantly into ammonia and isocyanic acid on the particle surface. Therefore the properties of an equimolar ammonia/isocyanic acid mixture are used in the boundary layer. The vapor pressure of urea, unknown so far, is determined from experimental results as shown below.
The approach accounts for non-unit Lewis number and the effect of Stefan flow on heat and mass transfer. Convective transport is considered by a modified Sherwood and Nusselt number using the well-established Frössling correlations [18] .
The model for evaporation and thermal decomposition is implemented into the CFD code Fire v8.3. In this code, the UWS droplets are treated with Lagrangian particle tracking, which solves the equation of motion for parcels of droplets with identical properties using the Discrete Droplet Method of Dukowicz [19] . Turbulence dispersion is defined by the Eddy-Lifetime model [20] . Between droplets and gas phase two-way coupling is considered for momentum, mass and heat. For turbulence kinetic energy and dissipation one-way coupling is applied.
Hydrolysis of isocyanic acid
is considered as a homogeneous gas phase reaction using the interface of Fire to the CHEMKIN chemistry solver [21] . The rate of hydrolysis is given by Yim et al. [22] by
SPRAY/WALL-INTERACTION

SPRAY/WALL-INTERACTION MODEL
The physical mechanisms occurring during the interaction of spray with a wall are very complex, because the behavior of the impinging droplet is influenced by a variety of parameters such as droplet properties like velocity, diameter, fluid properties and surface properties like wall temperature, surface roughness or wall film height [23] . Thus semi-empirical models based on dimensionless variables are developed for numerical simulations (e.g. [24] ). The used model of Kuhnke [25] considers all relevant impingement phenomena by a classification into the four regimes deposition, splash, rebound and thermal breakup based on the two parameters:
As sketched in Figure 1 the critical transition temperature is in the range of T * crit ≈ 1.1 for a variety of fluids [25] . For UWS the saturation temperature increases with increasing urea concentration [26] , leading to a higher tendency to wall film formation compared to water. In our experiments we identify a high critical transition temperature T * crit for UWS, which will be discussed below. The two critical K numbers between rebound and secondary atomisation at high temperatures and between deposition and splash for low temperatures range within 40..45 and 130..200, respectively. The regimes deposition and splash lead to the formation of a wall film. For more detailed information we refer to Kuhnke [25] .
SPRAY IMPINGEMENT HEAT TRANSFER
The cooling of the wall due to spray impingement plays an important role, because only if the dimensionless wall temperature T * decreases below the critical value deposition of droplets will occur and a wall film will develop.
The implemented heat transfer model is based on the approach of Wruck [11] . When a droplet impinges on a hot wall, a short period of direct contact between fluid and solid exists until a vapor cushion is formed. For small droplets the heat transferred during this direct contact is determining the total heat transfer, because of the insulation effect of the vapor cushion [11] . The heat transfer is calculated assuming the contact by two semi-infinite bodies, droplet and wall, which are in contact for a certain time with an effective contact area. It is based on Figure 1 : Regime map for spray/wall-interaction according to Kuhnke [25] .
one-dimensional transient heat conduction in both contact partners. The heat transferred by the droplets in a parcel according to Meingast [27] is given as
with the heat penetration coefficients of the contact partners
The contact area
,ef f is calculated using the time averaged diameter D d,ef f . The correlation for the maximum spreading diameter of the droplet during impact found by Akao et al. [28] 
is used to determine the average diameter. The contact time is calculated using the K number dependence:
• K > 40
The transferred heat is limited by the heat for complete evaporation of the droplet and the droplet temperature is adjusted according to the change in its internal energy. The transferred heat is considered as a source term in the wall energy equation for the corresponding wall cell.
WALL FILM MODELING
Deposition of droplets leads to a wall film which is modeled with a 2D finite volume method in the Fire wall film module [8] . Gas and wall film flow are treated as separate single phases, coupled by semi-empirical boundary conditions. The film is transported due to shear forces, gravity and pressure gradients.
CONTINUITY EQUATION
The continuity equation transformed into conservation of film thickness h f writes
where u i and x i are the velocity components and the wallparallel cartesian coordinates, respectively, and S m is the mass source, e.g. deposition of droplets. Assuming a spatially constant wall film thickness in a cell, equation (19) can be solved explicitly, if velocity components and the source term are known. Sub-cycling is applied to fulfill the CFL conditionū f ∆t/∆x < 1. Film velocity profiles are solved analytically for laminar and turbulent flow, where the transition from laminar to turbulent film flow is characterized by a film Reynolds number
and transition is assumed at Re f = 2.7.
Waviness of the film is modeled as a surface roughness, leading to modified logarithmic wall law for turbulent flows
The value C + is constant for technically smooth surfaces but varies according to Sattelmayer [29] with the roughness Reynolds number
The equivalent sand grain roughness is determined
with the correction function ψ proposed by Rosskamp [30] . Thus the logarithmic wall law is coupled with the wall shear equations, which can only be solved iteratively. This approach works well for wall films of water or fuels [8] , [31] . Elsässer [32] identifies the relevant fluid properties for the development of a wall film as
• the kinematic viscosity ν and
• the surface tension σ.
Our own measurements of the dynamic surface tension of UWS show only a slight increase compared to water surface tension (0.075 N/m vs. 0.072 N/m at 30 • C), so its influence can be neglected in a first approximation, at least for low urea concentrations. The viscosity increases with increasing urea concentration [26] and leads to an increase of the film thickness and shear stress and a tendency to a laminar film profile [32] . For high urea concentrations the above approach may only be a rough estimation of the film dynamics.
UREA TRANSPORT EQUATION
To account for the urea-water-solution a species transport equation for the urea fraction in the wall film is introduced
where the right-hand side accounts for sources from deposited droplets and urea thermolysis. Diffusive effects are neglected in this study, because they contribute typically less than 0.1 % to the mass flux between adjacent cells. Equation (24) is solved in the same way as the film continuity equation (19) with an explicit Euler scheme with up-winding of flux terms.
ENERGY EQUATION AND MASS TRANSFER
The enthalpy balance equation of the wall film writes
and is solved using a semi-implicit procedure for improved numerical stability. The terms on the right hand side account for heat transfer from the wall and the gas phase, cooling due to evaporation and thermolysis, and sources from impinged droplets.
Evaporation and thermolysis from wall film is based on Fick's law of diffusioṅ
where Y i is the interfacial vapor concentration and Γ the diffusion coefficient. For laminar or rather low Reynolds number flows the discretised concentration gradient is approximated with a second order interpolation. For moderate or high Reynolds number flows equation (26) underestimates the evaporation rates. For such conditions the evaporation model introduced by Sill [33] , which assumes an analogy between momentum and mass transfer, is more accurate. The evaporation rate writeṡ
where u g is the gas velocity parallel to the wall. St m is the dimensionless Stanton number for mass transfer and correlates with the interfacial shear force. To account for Stefan flow a correction according to Ackermann [34] is applied. During the calculation the maximum of the two computed evaporation rates is taken.
The saturation temperature of UWS can be reached during the evaporation of water due to the decrease of vapor pressure resulting from increasing urea concentration.
Then the film enthalpy equation (25) is transformed to recalculate the evaporating mass fluxṁ vap to get a wall film temperature just below the saturation point. Wall film energy equation and the evaporation routines are coupled in this study through a time step adaptation to avoid numerical instabilities and to solve the steep gradients of heating and evaporation of the wall film.
WALL MODELLING
Knowledge about the thermal behavior of the wall is important for an accurate calculation of the spray/wallinteraction and the wall film formation. Therefore the 2D transient energy equation for the wall enthalpy
is introduced and solved semi-implicitly for every wall cell:
The index i denotes amb, f and g. The temperature drop in the wall is neglected, because the wall heat resistance is much lower than the resistance of convection (λ w /h w << α amb−w and α f −w ). The maximal temperature difference between inner and outer surface of the wall is typically less than 2 • C in exhaust systems.
EitherQ f −w orQ g−w are used in equation (29) , depending of whether there exists a wall film in the adjacent fluid cell. The heat transfer coefficients between film and wall, α f −w , are calculated assuming conduction with linear temperature profiles in film and wall
If the wall temperature is above the saturation temperature of UWS, vapor bubbles are generated at the liquid-solid interface influencing the surface heat flux. The heat flux depending on the excess temperature ∆T e = T w − T sat is calculated following the Nukiyama boiling curve according to Incropera and De Witt [35] . In the free convection boiling region (0 • C < ∆T e ≤ 5 • C) the heat flux is linear interpolated from the heat flux determined with equation (31) and the nucleate boiling heat fluẋ
c p,l ∆T e 0.013 h ev P r l 3 (32) with ∆T e = 5
• C. In the nucleate boiling region (5
• C) equation (32) is applied. The maximum heat flux is reached at ∆T e = 30
• C and is given bẏ
The heat flux in the transition region (30
The heat transfer coefficients are calculated from the determined heat fluxes using equation (30) and are applied in the enthalpy equation of wall and film.
The α g−w value is provided by the gas phase solver and the ambient heat transfer coefficient α amb−w has to be defined by the user, depending on the ambient condition. In this study we use a Nu number correlation given in reference [36] for a flat plate.
RESULTS
In this section, a validation of the spray behavior of a swirl nozzle under quiescent and exhaust flow condition with cold and hot ambient temperature, respectively, is discussed. Subsequently the calculated conversion of ureawater-solution to gaseous ammonia is compared to experimental data. Finally simulations of an injection with spray impingement on a wall are presented and compared to transient wall temperature measurements.
SPRAY VALIDATION
To evaluate the influence of varying nozzles, injector mounting positions and exhaust tube configurations, wellknown spray parameters as a boundary condition are essential for a CFD simulation. As modeling of primary breakup is still under investigation, the spray is initialized with a defined droplet size distribution. Since the aerodynamic Weber numbers are below the critical value of W e crit = 12, secondary breakup does not occur. The swirl atomizer used throughout this investigation produces a hollow cone spray. From PDA measurements a mean diameter of ≈ 28 µm and a Sauter mean diameter (SMD) of ≈ 85 µm is determined. The static flow rate is about 9 kg/h. The injection velocity and spray angles are determined from background visualizations in a spray box using a Nd-YAG laser. Image processing is done with the software DaVis from LaVision [37] . Figure 2 shows a comparison of the measured and simulated penetration for the spray and the pre-spray. As expected, there is a good agreement, because the start velocity of the droplets is estimated from this penetration. A patternator is used to measure the spatial spray distribution, which directly influences the fluid distribution in the exhaust tube cross section. The distribution is measured at a given distance to the nozzle and agrees well with the numerical results. Both are displayed in Figure 3 .
Droplet size/droplet velocity correlations at two distances (30 mm and 50 mm) from the nozzle are extracted from PDA measurements to verify the predicted momentum exchange between droplet and gas phase. Figure 4 depicts ing and deformed from the lamella breakup. Therefore they are omitted in the PDA measurements, since the analyzed droplets have to be spherical. Non-spherical droplets are not detected and lead to an uncertain statistic for big droplets. Small droplets are accelerated due to a gas flow induced by momentum transfer from spray to droplet. This effect is overestimated in the simulation, whereas for droplet sizes between 30 and 80 µm the simulated velocities agree well with the measured data.
The comparison of the simulated spray pattern and shadowgraphic visualization in Figure 5 shows that the main characteristics of the spray can be predicted well by the simulation.
Figure 5: Simulated spray shape (left) compared to visualization gained in a spray box at quiescent flow condition using shadowgraphy (right), 10 ms after start of injection.
After verifying the spray calculations under cold and quiescent conditions, visualizations of the spray pattern are carried out in a flow channel at varying flow conditions up to T g = 250
• C and u g = 50 m/s. A light sheet illumination technique is applied, with the camera orthogonal to the light sheet. A triggered camera is used to provide time resolved data. For adequate comparison the simulations are evaluated using only a thin sheet of the whole spray. Exemplary the calculated spray propagation and the visualizations are depicted in Figure 6 for T g = 150
• C and u g = 25 m/s, showing qualitatively good agreement.
EVAPORATION AND THERMOLYSIS OF DROPLETS
To get a vapor pressure correlation for urea, CFD simulations are compared to an experimental investigation of Kim et al. [9] . They studied the conversion from injected UWS to ammonia. The UWS is directly injected axial to the center of a tube (Figure 7) at varying flow conditions. The average conversion to ammonia due to thermolysis of UWS droplets and hydrolysis of isocyanic acid is measured downstream the injection at different sampling points, which result in varying residence times. Figure  8 depicts the comparison between calculated and measured urea conversion to ammonia showing good agreement. The vapor pressure is determined as
This formula is also used to calculate the decomposition rate of urea from the wall film later on. 
SPRAY/WALL-INTERACTION AND WALL FILM FORMATION
The spray/wall-interaction and wall film formation is investigated in a flow channel whose side walls consist of glas for optical access. A metal plate with a thickness of 2 mm is installed in the center of the flow channel to get a defined spray impact on the wall and well-known boundary Figure 8 : Calculated conversion to NH 3 for different gas velocities u g and gas temperatures T g compared to experimental data of Kim et al. [9] . condition for the lower surface of the plate (Figure 9 ). The gas velocity is kept constant at 30 m/s and the gas temperature is varied from 105
• C up to 390
• C. The transient temperature evolution of the plate at different locations is measured with 0.5 mm thermocouples, which are installed in flutes just below the upper surface. The time scale for spray induced cooling of a typical exhaust tube wall is in the order of 10 1 -10 2 seconds due to the high heat reservoir of the solid wall. As this is not a suitable time range for multi-phase 3D-CFD calculations, a speed-up factor f is introduced. For our calculation a modified wall thickness h f /f is used to reduce the cooling time. Figure 10 depicts the evolution of calculated and meassured wall temperature for different combinations of gas temperatures and nozzle mass fluxes, for which no wall film occur. The simulation time is scaled with the speedup factor f = 150 used in the calculations. The simulated wall temperatures agree well with the measured data, hence the use of a reduced wall thickness seems to be an adequate approach to reduce the simulation time. If the mass flux of the nozzle is increased at a constant gas temperature, the wall temperature can decrease below the critical transition temperature and film formation can begin. The transition point is characterized by a sudden change of the slope of the wall temperature curve. The transition temperature for UWS was determined from various cooling curves (e.g. see Figure 11 ) to be in the range of T w = 265 − 280
• C, which corresponds to a critical transition temperature of T * crit ≈ 1.4. This high temperature cannot solely be explained with the higher saturation temperature of UWS. Further investigations are necessary to clarify the reason for this behavior. In Figure 11 the calculated wall temperatures are compared to the experimental data for a nozzle mass flow of 3.72 kg/h. The wall is cooled due to spray impact. Film formation starts at t ≈ 35 s, when the wall temperature decreased below the transition temperature. The cooling of the wall is increased due to evaporation from the wall film. The simulated shape of the cooling curves agree well with the experimental data, however the film cooling is overestimated in the simulation. Also there is a small difference in the calculated and measured adiabatic film temperature at times > 90 s. A possible reason for this deviation is due to deposition of solid urea or melamine complexes, which already appears at the border area of the film during the measurements. This leads to a modified flow situation with additional roughness effects and therefore enhanced heat transfer, which could not be taken into account in the simulation. Figure 12 shows a side view of the predicted spray penetration at early times after start of injection. The temperature of the wall is still equal to the gas temperature of T g = 340 • C. Therefore the model predicts small droplets due to thermal breakup. As the wall cooles down and film Figure 12 : Spray pattern at 4 ms, 10 ms and 20 ms after start of injection, T g = 340
• C.
formation begins, the critical K number is shifted to higher values (see Figure 1 ), leading to deposition of most of the droplets. Only droplets with high kinetic energy are splashed.
The predicted wall film thickness in Figure 13 reflects the hollow cone character of the spray with the highest film thickness in the main impact area. The predicted wall film shape agrees with our visual observations during the experiment. Figure 14 depicts the urea concentration in the wall film. In the main impact area of the spray, the urea concentration is dominated by the urea fraction of the impinged droplets. Due to evaporation of water from the droplets this is slightly above the initial concentration of 32.5 %. As the film is transported downstream in regions with less spray impingement, the evaporation of water from the film leads to higher urea concentrations. After evaporation of water is completed, thermolysis of urea begins in these areas. produced in the upper part due to thermolysis of small droplets which decelerate fast after injection and therefore remain at the top of the flow channel. In the 14 mm-plane, one also can see ammonia generated by urea decomposition from the boarder area of the wall film on the plate.
CONCLUSION
An analysis of the injection of urea-water-solution for DeNOx-systems is presented. The developed 3D numerical model accounts for all relevant physical effects. The single modeling steps are verified with experimental data.
The spray propagation and reducing agent distribution in the exhaust stream can be described well with the model. The urea vapor pressure modeling has been validated by comparing CFD calculations of an evaporating spray with experimental data from Kim et al. [9] .
As spray wall interaction is expected to occur in real exhaust gas systems, the derived approach includes application of a sophisticated droplet wall interaction model. This is extended by a semi-empirical approach to account for heat transfer between liquid droplets and wall. Thus the formation of a wall film can be calculated precisely as well as the secondary breakup of droplets at the wall.
Spray impingement on hot surfaces, e.g. mixing elements or the exhaust tube walls, can lead to a better spatial distribution of the reducing agent due to thermal breakup. This also yields better conversion to ammonia, because small droplets with an enhanced heat and mass transfer are generated. Additionally heat is transferred from the hot surface to the droplets during contact and accelerates evaporation.
Spray impact also results in cooling of surfaces and can lead to wall film formation if the surface temperature decreases below a critical value. The critical transition temperature for urea-water-solution is determined within this study. The influence of flow conditions, exhaust tube properties and spray paramters on the film formation can be evaluated with the developed model.
The derived models implemented in the CFD-code Fire v8.3 help to predict real processes during the layout of exhaust tube configurations and injector mounting positions with respect to the spatial distribution of the reducing agent upstream the catalyst.
